This review describes the role of cytokines and their downstream signaling cascades on the modulation of learning and memory. Immune proteins are required for many key neural processes and dysregulation of these functions by systemic inflammation can result in impairments of memory that persist long after the resolution of inflammation. Recent research has demonstrated that manipulations of individual cytokines can modulate learning, memory, and synaptic plasticity. The many conflicting findings, however, have prevented a clear understanding of the precise role of cytokines in memory. Given the complexity of inflammatory signaling, understanding its modulatory role requires a shift in focus from single cytokines to a network of cytokine interactions and elucidation of the cytokine-dependent intracellular signaling cascades. Finally, we propose that whereas signal transduction and transcription may mediate short-term modulation of memory, long-lasting cellular and molecular mechanisms such as epigenetic modifications and altered neurogenesis may be required for the long lasting impact of inflammation on memory and cognition.
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Introduction
Immune proteins and signaling play many key roles in the brain (Shatz, 2009 ). The central nervous system's own immune cells, microglia and astrocytes are required for normal synaptic functions including synaptic pruning, synapse formation and synaptic transmission (Benarroch, 2013; Papa, De Luca, Petta, Alberghina, & Cirillo, 2014; Stephan, Barres, & Stevens, 2012) . A wealth of literature in animal models of inflammation supports the causal role of inflammatory signaling in memory and cognitive deficits. Systemic injection with lipopolysaccharide (LPS) impairs memory consolidation (Pugh et al., 1998) , acquisition of operant conditioning (Aubert, Vega, Dantzer, & Goodall, 1995) and learning in Morris Water Maze tasks (see Cunningham & Sanderson, 2008) .
In humans, systemic triggers of inflammation, including illness, injury or major surgery (Hudetz et al., 2009; Selnes et al., 2003; Shapira-Lichter et al., 2008) are associated with deficits in a variety of cognitive and memory tasks. Patients with cancer, after myocardial infarction, or major surgery commonly develop post-traumatic stress disorder (Ginzburg & Ein-Dor, 2011; Meister et al., 2013) or cognitive deficits (Fredericks, 2012) long after the illness, suggesting a persistent role for immune function in alterations of memory. Inflammatory signaling is thus considered to be a critical contributor to the short-and long term modulation of mood and cognition. However, the precise role and mechanisms by which cytokines modulate memory remain unknown.
The intricacy of inflammatory signaling presents several complications in understanding the roles and mechanisms of cytokines in neural and cognitive functions. Inflammatory events are not specific to a single cytokine increasing at a single timepoint, instead inflammation produces dynamic regulation of many cytokines (Conti et al., 2008; Gayle, Ilyin, Miele, & PlataSalamán, 1998; Schindler et al., 1990) . Cytokines are also extremely pleiotropic (e.g., Guzmán & Hallal-Calleros, 2010 ) and exhibit extensive redundancy, with many distinct proteins exerting overlapping effects (Liu, Fang, Guo, Mei, & Zhang, 2013 ). In contrast, the downstream effects of cytokines differ depending on the presence of other cytokines and specific cell types (Lund et al., 2006; Norden, Fenn, Dugan, & Godbout, 2014) . Despite well-delineated interactions between cytokines within the immune system, the dynamic regulation of cytokines in the central nervous system remains unclear. Similarly, the precise roles of inflammatory signaling in the physiology of neurons, circuits, and cognitive function are not known.
